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Abstract
Hard processes in high-energy proton–nucleus collisions are a powerful tool in order to investigate several impor-
tants aspects of QCD in a nuclear medium, such as nuclear shadowing, parton multiple scattering or medium-induced
gluon radiation. I review in these proceedings recent progress in that field.
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1. Introduction
Given the title of this conference, the utility of hard
processes to probe QCD media – whether nuclear mat-
ter or the quark-gluon plasma – in nuclear collisions
needs little introduction. First of all, their variety is ap-
pealing: measurements in heavy-ion collisions at RHIC
and at LHC include electroweak processes (prompt pho-
tons, weak bosons), inclusive and heavy-flavour jets,
as well as light and heavy hadrons. Moreover, most
of these processes are well understood in QCD, mean-
ing that perturbative calculations exist – either fixed or-
der, typically next-to-leading order (NLO) in the strong
coupling constant αs, or including resummation – and
accurately describe pp collision data; this is, however,
less true when it comes to the production of hadrons,
and in particular quarkonium production which remains
far from being understood. Very much discussed at
this conference, jet quenching and quarkonium suppres-
sion are among the most spectacular manifestations of
quark-gluon plasma formation in heavy-ion collisions.
Extracting the physical properties of the QCD plasma
from these experimental observations remains however
a delicate, albeit exciting, challenge.
Proton–nucleus collisions are (slightly) less complex
than heavy-ion collisions, but no less interesting. In
these reactions, the QCD medium under consideration,
‘cold’ nuclear matter, is simpler than the quark-gluon
plasma: it is static, with a known nuclear density pro-
file (despite the fluctuating positions of the nucleons in-
side the nucleus). At the LHC, bulk observables in pPb
collisions may point to the formation of a hot medium;
its influence on hard processes, however, often appears
limited (a possible exception being the production of ex-
cited quarkonia). Moreover, on the experimental side
measurements are more easily performed due to the
lower multiplicity underlying event. In short, the field of
hard processes in pA collisions aims at the precision of
the QCD studies performed in pp collisions while allow-
ing for a quantitative study of nuclear medium effects in
a controlled environment.
In these proceedings I will discuss several QCD phe-
nomena expected to affect the rate of hard processes
in pA collisions, either within QCD collinear factoriza-
tion (Section 2) or clearly beyond this framework (Sec-
tion 3). Section 4 is devoted to the event activity de-
pendence and the correlations between soft underlying
event and hard process.
2. Collinear factorization
Let us first consider a generic hard process in pp col-
lisions, characterized by a hard scale Q much larger
than a typical hadronic scale, Q  Λ = O (1 GeV).
(Think of the production of a large transverse momen-
tum parton or a massive weak boson.) According to
QCD collinear factorization, the production cross sec-
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tion can be written symbolically as
σpp = f pi (µ) ⊗ f pj (µ) ⊗ σˆij(µ, µ′) + O
(
αks
)
+ O
(
Λn
Qn
)
,
(1)
in which long distance physics is encoded into par-
ton distribution functions (PDF) of the incoming pro-
tons, f p, while the partonic cross section, σˆ, represents
short distance physics1. Collinear factorization exhibits
strong predictive power: (i) PDF are non-perturbative
but universal quantities, which can be probed either in
deep inelastic scattering or in hadronic collisions, and
(ii) the short distance scattering is computable (at least
in principle, if not in practice) at any order in per-
turbation theory. One should also keep in mind that
collinear factorization is an approximation. On top of
neglecting higher-order terms in the perturbative expan-
sion, process-dependent power corrections (so-called
‘higher-twist’) of order2 O (Λn/Qn) might contribute
significantly to the cross section when the scale Q is not
too large.
What about collinear factorization in pA collisions?
Regarding the nucleus as any other hadron, the cross
section Eq. (1) could be written as
σpA = f pi (µ) ⊗ f Aj (µ) ⊗ σˆij(µ, µ′) +O
(
αks
)
+O
(
Λn
A
Qn
)
,
with f A now being the PDF of the nucleus. Note the new
scale ΛA controlling the power corrections which could,
in principle, increase with the target size. Consequently
higher-twist processes are likely to be enhanced in pA
collisions with respect to pp collisions.
An important question is what to expect for fA.
Imagine a super dilute nucleus, in which nucleons are
separated over macroscopic distances: the PDF of such
a nucleus would simply be given by the incoherent sum
over the proton and neutron PDF. The leading twist
cross section (neglecting power suppressed corrections
for the time being) would thus simply be expressed
as σpA = Z σpp + (A − Z) σpn ' A σpp (assuming
σpp ' σpn for QCD processes at high energy) mak-
ing the nuclear production ratio, RpA ≡ 1/A σpA/σpp,
normalized to unity. In practice, however, the typical
distance between nucleons, say 1 fm, is much smaller
than the (Ioffe) length over which the hard process de-
velops, `c = 1/(2mx2), x2 being the target parton mo-
mentum fraction of the nucleon and m the nucleon mass.
1Factorization and renormalization scales are of order µ ∼ µ′ ∼ Q
to avoid the appearance of large logarithms ln(Q/µ).
2Typically n = 1 or n = 2 depending on the specific process.
When `c & 1 fm, equivalently at small x2 . 10−1, sev-
eral nucleons in the target contribute coherently to the
hard process, leading to the depletion of nuclear PDF
(nPDF) ratios, Ri ≡ f Ai /A f pi < 1, known as shadow-
ing. The precise determination of shadowing, and more
generally nPDF at any value of x, is thus an important
requirement in order to predict accurately the yields of
hard processes in pPb collisions at the LHC.
As is the case for their proton counterparts, the nPDF
cannot be computed from first principles (although their
evolution, in either x or Q2, is perturbative) and need
to be extracted from global fits to data. Over the last
years various nPDF sets based on DGLAP evolution
have been extracted at NLO accuracy and a first attempt
(KA15) has been made recently at NNLO [1]. Due to
the lack of data on nuclear targets the present nPDF
sets still suffer from large uncertainties, especially at
small x and in the gluon sector; for the same reason
it was shown that the present nPDF global fits suffer
from a strong sensitivity on their parametrization at the
input scale [2]. Using reweighting techniques [3], the
present and future LHC pPb data can be used to signif-
icantly narrow the uncertainties of the nPDF sets cur-
rently available [4]. What are the best processes to con-
strain nuclear parton densities at the LHC? Some ‘ideal’
requirements (not strictly necessary but which I con-
sider preferable) are listed:
(i) The scale Q should be ‘large enough’ compared to
the saturation scale of the nucleus, Q  Qs (typi-
cally Qs ' 1–3 GeV at the LHC), in order to avoid
the appearance of non-linear evolution effects not
taken into account in the nPDF global fits; this
would also suppress large power corrections enter-
ing pA cross sections. Note however that nPDF
effects are expected to vanish at very large scales
(RAi (x,Q
2 → ∞) → 1) because of QCD evolution;
to illustrate this, the gluon nPDF ratio given by
EPS09 at x = 10−3, RPbg = 0.84 at Q2 = 10 GeV
2
while RPbg = 0.96 at Q
2 = 104 GeV2. Therefore
Q should not be chosen too large in order to keep
some sensitivity in the data;
(ii) Due to multiple scattering, the well-known modi-
fication of the p⊥ spectrum of particles produced
in pA collisions (the so-called ‘Cronin effect’) is
likely to spoil a clean extraction of nPDF. Such
an effect nevertheless disappears for p⊥ -integrated
cross sections or at p⊥  Qs. In other words, it
may be safer not to use p⊥ -differential cross sec-
tions at moderate p⊥ values, say p⊥ . 10 GeV;
(iii) The production of color neutral hard probes should
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Figure 1: RZ
pA
measured by ATLAS [11].
be preferred as they are insensitive to energy loss
effects (discussed in Section 3) which might affect
dramatically the rate of other hard processes, such
as light and heavy hadrons.
Based on the above discussion, the most promising can-
didates to probe nPDF might be the production of inclu-
sive jets/dijets [5], massive weak bosons [6], and low-
mass Drell-Yan pairs [7]. Other interesting processes
include prompt photon [8] and top quark production [9].
High-precision measurements on dijet pseudo-
rapidity distributions in pp and pPb collisions have been
reported by the CMS experiment at this conference [10].
Data span a wide pseudo-rapidity coverage (−2.0 <
ηdijet < 2.8) in various p⊥ bins (25 . p⊥ . 200 GeV),
which allow for probing nPDF on a large range in x and
Q2. While the magnitude of the dijet RpA ratio is well
captured by most nPDF sets, it is interesting to note
that none of the existing nPDF sets reproduce the ra-
pidity trend for all p⊥ bins. At negative ηdijet, data seem
to agree better with DSSZ which predict a small sup-
pression in the large-x ‘EMC region’; on the contrary,
the suppression measured at forward pseudo-rapidity is
better reproduced by EPS09 and nCTEQ15 sets, which
shadowing at small x is more pronounced than that of
DSSZ. Together with the measurements to be performed
in pPb collisions at
√
s = 8.16 TeV, dijets promise to
bring stringent constraints on gluon and valence quark
nPDF in the intermediate x range, x ∼ 10−2–10−1.
New data on weak boson production in pPb colli-
sions have also been reported by ATLAS [11], follow-
ing earlier measurements by ALICE, ATLAS and CMS.
As seen in Fig. 1, a slight depletion of Z boson is ob-
served at forward rapidity (note however the systematic
uncertainty from the luminosity determination), which
could hint at sea quark shadowing even at this large
scale, Q2 ∼ 104 GeV2. Similarly, in the semilep-
tonic W-decay channel, CMS measurements in pPb col-
lisions are best reproduced by NLO calculations when
nPDF corrections (as given by EPS09) are taken into
account [12, 13]. The rapidity distribution in the lepton
charge asymmetry, (`+−`−)/(`+ +`−), known to be sen-
sitive to the d/u PDF ratio (in a proton, or in a nucleus at
negative η` [14]), differs slightly from the calculations at
η` . −1. This could be interpreted as a different nuclear
modification of the up and down quark partonic density,
RPbu , R
Pb
d . Interestingly, a similar observation is re-
ported at this conference by ATLAS, in some classes of
event activity [11]. Data collected during the pPb run
at
√
s = 8.16 TeV in November 2016 should be able to
clarify shortly the origin of a possible disagreement.
The large data sample collected during this success-
ful pPb run should also make possible the measurement
of Drell-Yan (DY) lepton pairs of low mass, M
``
&
10 GeV. The DY mechanism offers many advantages. It
is a clean process whose production is known in QCD to
a very good accuracy, at fixed order (NNLO) and includ-
ing resummation [15]. As discussed in Ref. [7], energy
loss effects on DY are expected to be negligible, making
this process an excellent probe of nuclear parton densi-
ties at a low scale (Q ∼ M
``
) where nPDF corrections
are expected to be the largest. This is in sharp contrast
to W/Z bosons, jets and photons which probe nPDF at a
much larger scale. Drell-Yan measurements at large ra-
pidity, accessible in the LHCb acceptance [16], are thus
expected to give tight constraints on the degree of sea
quark shadowing at small values of x2 ∼ 10−5–10−4 [7].
3. Beyond collinear factorization
So far I have discussed observables which could help
the determination of the leading-twist nPDF, from a
global fit to data based on collinear factorization. This
framework, however, does not include the multiple scat-
tering of the incoming parton while traversing the nu-
cleus, which has two important consequences:
(i) The incoming parton acquires additional trans-
verse momentum, 〈p2⊥〉pA−〈p2⊥〉pp ' qˆL = Q2s , for a
large nucleus, where qˆ is the nuclear matter trans-
port coefficient and L the medium length. This
transverse momentum broadening leads to Cronin
effect, the distortion of p⊥ -spectra at p⊥ . Qs;
(ii) In addition, multiple soft scattering induce the
emission of soft gluons from the projectile parton.
This leads to medium-induced energy loss which
affects the rapidity distribution of hard processes.
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Figure 2: Rh
pA
measured by ALICE compared to theory [19].
Parton multiple scattering in a nucleus can be taken into
account in the dipole formalism, and more specifically
within the color glass condensate (CGC) which allows
for the inclusion of non-linear effects in the QCD evo-
lution of a dense nucleus at small x [17]. Several (semi-
)hard processes have been investigated in the CGC in
pA collisions, yet under different working assumptions
in the phenomenological applications. Often used is the
‘hybrid’ formalism according to which the cross section
is expressed as a convolution of the usual PDF in the
proton (assumed to be in the dilute regime, Q & Qs,p)
and the unintegrated gluon distribution in the nucleus
F Ag (assumed to be in the dense regime, Q . Qs).
The latter is computed explicitly in the CGC from the
Fourier transform of correlators of Wilson lines (dipoles
or quadrupoles) which resum multiple scattering to all
orders. Taking the example of light hadron production
in pA collisions, the LO cross section can be expressed
symbolically as σpA→h+X = f pi (µ) ⊗ F Ag (k⊥ ) ⊗ Dhi (µF ),
where Dhi is the fragmentation function and µF the frag-
mentation scale [18]. Examples of CGC calculations
on light-hadron suppression in pPb collisions at
√
s =
5.02 TeV are compared in Fig. 2 (top panel) to ALICE
data [19] (results were also presented by ATLAS [20]).
All calculations predict a common trend, namely an in-
crease of RpA with p⊥ due to (lesser) shadowing and
transverse momentum broadening; however, the mag-
nitude and uncertainty of RpA differ somehow in the
different CGC implementations. While the larger un-
certainty of rcBK-MC calculations encompasses AL-
ICE results, the other calculations (rcBK and IP-Sat)
stand slightly but systematically below the data. AL-
Figure 3: Induced gluon radiation off a fast parton experiencing mul-
tiple scattering in a dense nucleus.
ICE results are also compared in Fig. 2 (bottom) to NLO
calculations using EPS09 which prove slightly below
the data in the intermediate p⊥ range, even though the
EPS09 individual members sets exhibiting less shadow-
ing would be in reasonable agreement. The comparison
with RHIC measurements [21] is very interesting, in
particular two aspects which are, perhaps, challenging
to understand: (i) the shape and magnitude of RpA mea-
sured at mid-rapidity at RHIC [21] and LHC [19, 22]
are very similar, despite a factor of √sLHC/√sRHIC ' 25
difference in the x2 momentum fraction, (ii) a signifi-
cantly stronger hadron suppression is observed at RHIC
at forward pseudorapidity (η = 3.2) compared to LHC
at mid-rapidity, although the value of x2, hence the satu-
ration scale, is similar (√sLHC/√sRHIC × exp(−3.2) ' 1).
In this respect, it would be informative to revisit RHIC
data with up-to-date CGC calculations such as the ones
shown in Fig. 2; this would give a hint on whether both
RHIC and LHC light-hadron data can be understood
within a common framework based on saturation. On
a more formal side, a tremendous effort has been per-
formed in order to tackle particle production at NLO in
the CGC. Several talks addressed more specifically the
issue of negative cross sections reported at large p⊥ [23],
its physical origin and how to cure this artifact [24].
The fast incoming parton not only scatters elastically
in the dense nucleus but could also radiate a gluon
which takes part of its energy (see the sketch in Fig. 3).
The difference of gluon radiation in a nucleus and in
a proton – the medium-induced gluon radiation spec-
trum – exhibits different scaling properties depending
on the typical gluon formation time tf :
(i) In the regime of ‘small’ formation time, tf .
L, known as Landau-Pomeranchuk-Migdal (LPM),
the mean energy loss scales parametrically as
∆ELPM ∝ αsqˆL2, with a dependence on the parton
energy at most logarithmic [25];
(ii) Fully coherent energy loss arises from the induced
radiation of gluons with formation time much
larger than the medium length, tf  L [26, 27]. In
this regime, the average energy loss becomes pro-
portional to the parton energy E, ∆Ecoh ∝ E, and
thus overwhelms (at large E) LPM energy loss.
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At the LHC, the effect of LPM energy loss in nu-
clear matter, ∆ELPM/E ∼ 1/E, should be negligible be-
cause the incoming parton energy E (in the nucleus rest
frame) is extremely large. The LPM regime would be
best probed in semi-inclusive DIS on nuclear targets
or Drell-Yan production in pA collisions at lower col-
lision energy; it can also be probed in heavy-ion colli-
sions in which a not too energetic parton propagates in
a hot medium. On the contrary, fully coherent energy
loss should affect all hard processes even at the LHC
as ∆Ecoh/E ∼ αs × (Qs/Q) is finite in the high-energy
limit; an exception concerns hard processes with color
neutral final states (such as single production of lepton
pairs or massive weak bosons) which are insensitive to
coherent energy loss [28].
Fully coherent energy loss has been applied success-
fully to quarkonium (J/ψ, Υ) suppression in pA colli-
sions, from fixed-target experiments to LHC [27]. In
particular, this process allows for a quantitative expla-
nation of J/ψ suppression measured at forward rapidity
at all center-of-mass energies. At the LHC, predictions
in pPb collisions proved to be in excellent agreement
with ALICE [29] (and LHCb [30]) data, see Fig. 4.
Updated CGC calculations based on the Color Evapo-
ration Model, presented at this conference, also repro-
duce very well the experimental results [31]. On the
contrary, EPS09 NLO calculations based on the sole ef-
fects of nPDF stand slightly above the data in the most
forward rapidity bins3 [32]; interestingly this is oppo-
site to what is observed in the light hadron production
channel (Fig. 2). Similarly, the D meson forward-over-
backward production ratio reported by LHCb during the
3A simplified (compatible) calculation [7] is shown in Fig. 4 as
thin dotted lines for the EPS09 member sets and solid lines for the
envelope of the uncertainty band.
conference [33] turns out to be slightly lower than (yet
compatible with) EPS09 NLO calculations; the calcu-
lation of coherent energy loss effects of open heavy-
flavour RpA is in progress. Hopefully, future pPb data
at
√
s = 5.02 TeV (using actual pp data at this energy)
and at
√
s = 8.16 TeV will allow one to clarify the ori-
gin of quarkonium suppression at the LHC. Drell-Yan
measurements in pPb collisions at LHC may also play a
key role in clarifying the respective effects of nPDF and
coherent energy loss [7]. Another interesting observa-
tion is the stronger suppression suffered by quarkonium
excited states in pPb collisions, Rψ(2S)
pA
< Rψ(1S)
pA
[34].
Since nPDF effects and coherent energy loss effects are
expected to suppress equally 1S and 2S states, it is pos-
sible that the particles produced in pPb collisions disso-
ciate excited states which are more loosely bound [35].
4. Beyond the Glauber model
Obviously of interest is the medium length depen-
dence of the different effects mentioned above. It is of-
ten investigated differently at fixed-target and at collider
experiments:
(i) Fixed-target facilities allow for measuring hard
processes in minimum bias pA collisions on dif-
ferent nuclear targets;
(ii) At colliders, changing nuclei is of course more
challenging. Instead, pA collisions on a single nu-
cleus are binned in terms of ‘event activity’ (either
multiplicity or energy distributions) which may be
correlated to the centrality of the collision.
Comparing different nuclear targets appears, at least to
me, more satisfactory. An obvious advantage is the
definition of RpA , which does not depend on quantities
like thickness functions to be determined in a Glauber
model and which comes along with uncertainties. On
the contrary, the correlation between event activity and
collision centrality in pPb collisions at the LHC appears
rather loose, unlike that in heavy-ion collisions, mak-
ing more delicate the interpretation of the data since a
given event activity would correspond to a wide range
of centralities. Another aspect may be problematic. So
far we have discussed the production of inclusive ob-
servables, pA→ (hard particle) + X; this is an impor-
tant requirement for the collinear factorization theorem
to apply. When looking at the rate of a given hard pro-
cess as a function of the event activity, the final state is
different and less inclusive, pA→ (hard particle + spe-
cific activity) + X. Computing this final state is ardu-
ous as it requires to model not only the soft underlying
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dynamics but also its correlation with specific hard pro-
cesses. Moreover, the interpretation of RpA becomes du-
bious since the two processes which are compared, in
pp and in pA collisions, are different by definition.
When the phase space to produce a hard process is
restricted, typically when the projectile or target mo-
mentum fraction is large, x1,2 ∼ Q/√s . 1, the hard
process and the event activity may no longer ‘factorize’
(in other words, there’s no such thing as an ‘underly-
ing’ activity) since less energy is available to produce
the event activity; as a consequence such hard processes
are likely to be labeled as a ‘peripheral’ pA collision in-
dependent of the actual collision centrality [36, 37]. An
example of such a ‘event bin migration’ could be found
in the RpA measurement of large p⊥ jets by ATLAS [38]:
data exhibit a significant depletion of jets at large p⊥
in more ‘central’ events, and an enhancement in more
‘peripheral’ events. Although it is not possible to con-
clude firmly on the origin of these observations, it is
interesting to note that when no selection is made on the
event activity, hence for minimum bias collisions, the
measured value of RpA is consistent with unity, which
seems to corroborate the bias due to specific event ac-
tivity; it is also confirmed by Monte Carlo studies [37].
Similar observations have also been found by PHENIX
at RHIC [39]. Although they complicate somehow the
interpretation of hard processes in pA collisions, such
correlations are interesting on their own as they might
reveal interesting aspects of particle production dynam-
ics [36, 37, 40] which understanding may help to con-
strain Monte Carlo event generators.
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